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ABSTRACT
This research creates a system to help PDAP Electronics Singapore control its inventories and
achieve demand-driven production on a multiple-product production line. One stage is chosen
for study in this thesis. An inventory supermarket combined with a Kanban visualization system
is proposed to control the total inventories and schedule production. An ANOVA test is used to
first decide the seasonality of demand. Then the inventory levels of the supermarket during each
season are determined respectively using the safety stock model. The Kanban system will record
the inventory and demand levels and direct daily production accordingly.
The simulation results show that the proposed system is capable of controlling the inventory
levels and delivering high customer service levels (>95%) at the studied stage. In addition, it
could reduce the inventory cost of selected products by 10-15%. It is also suggested that the use
of small batch sizes in production will significantly reduce the total inventory cost at the stage.
The performance of the system also proves satisfactory in a multi-stage simulation. It is therefore
recommended that PDAP implement and further fine-tune this system in its operation.
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CHAPTER ONE Introduction
Faced with increasing competition in the market, more and more manufacturing companies are
actively looking at improving their operation efficiency by the application of Lean concepts. This
drive towards Lean production primarily targets optimizing the inventory levels and improving
the production control system. This thesis is a result of internship work by four MIT M.Eng
students at the PDAP Electronics Singapore, as part of PDAP's Lean production initiative. This
chapter briefly introduces RP Electronics Singapore Pte Ltd and its subsidiary company PDAP
Electronics Singapore, including company background, products classification and associated
manufacturing process flow.
1.1 Company Background
Headquartered in Europe, RP Electronics is one of the leading electronic appliance companies in
the world. RP Electronics Singapore (RP) was established in 1951. With a history of more than
50 years, RP Singapore is one of the pioneers in Singapore industry. Currently, over two hundred
products are produced and sold to Asia, Europe and America. RP Singapore is always trying to
maintain its leading position in the electronic appliance manufacturing industry.
This project was carried out at one of RP's subsidiary companies, PDAP Electronics Singapore,
which is the global distribution center and R&D center for one of RP's main products. RP
Electronics headquarter management has initiated the implementation of a system analogous to
Toyota Production System and encourages the facilities to operate in a Lean environment. PDAP
Electronics Singapore is one of the few chosen factories that are included in the pilot project.
The factory management has set goals for reduction of wasteful activities and work in process
(WIP) lying along the production lines that eventually increases material flow lead times and
inventory costs along the production lines. The management has therefore focused on controlling
the inventory and lead times to establish a Lean production environment.
1.2 Product Classification
PDAP Singapore factory is dedicated for the production of a critical component (SP) of one of
the RP's main consumer product. All the SPs manufactured in this facility can be classified on
the basis of their product target market and technical specifications either as Class A or Class B
products. Class A products account for about 30% of the total demand, while the other 70%
comes from Class B products. There are 3 product lines in Class A, and 6 Product Families with
a total of 11 product lines in Class B. Each product line has further variants and thus the product
portfolio has over 50 stock keeping units (SKU) at the finished goods level. The product
classification tree is shown in Figure 1.
Product Tree
A B
SR-AZ
MR SR
SR-EX
D BA
ND LE-ES LE
LE-MS
CP-EL
CP-LS
SY-BK
SY-SH
Figure 1. Product classification tree for PDAP
1.3 Production Process Flow
There are 7 production stages in PDAP, coded as Stage I to Stage 7 in Figure 2 in production
sequence. Not all the products go through the same stages. The two product classes A&B shares
the first two production processes initially in their manufacturing processes and are processed on
shared production lines. After the first two processes, all Class A SPs are directly routed to Stage
4 without passing Stage 3. From Stage 4 onwards, the Class A products diverge in their
subsequent processes. Some go straight into the finished goods inventory while others require
further processing at following stages before they are completed.
Figure 2. Illustration of production process flow
In constrast, after the first two processes, all the Class B SP models are routed to Stage 3
(single-machine-line stage). Subsquently they are directed towards Stage 4 production lines
dedicated on the basis of SP families. After Stage 4, the Class B SP families are sent either
directly to Stage 7 or intermediately to Stage 5 and 6 for additional processing before going to
Stage 7.
Stage1
CHAPTER TWO Problem Statement and Project Objectives
This chapter first described main problems unveiled from the current PDAP production system
and includes project motivation and objectives.
2.1 Problem Statement
2.1.1 Demand Seasonality and Stock Building
The factory plans its operation according to the projected demand pattern during the year.
Different operating strategies are used during different seasons, e.g. shift structure, inventory
targets etc. Based on past experience, the management characterizes the demand into alternating
high and low seasons. The high season starts from the middle of the year to around October or
November. The low season spans from the end of the year through the first half of the next year.
During the peak season, the demand is higher than the installed capacity of the factory. To satisfy
all demand at the current operating level without extra investment to expand the capacity, the
factory employs a stock building policy that helps to utilize its extra capacity in the low demand
season. This strategy is called stock building plan in PDAP. To develop the stock building plan,
the capacity of the last production stage is examined to determine if the monthly demand during
the peak season can be satisfied with monthly production. Any excess demand is shifted
backwards to the earlier months. These adjusted demand values for Stage 3 become demand for
the upstream stages following till the first production stage.
However, this stock building practice only ensures the satisfaction of the demand, without taking
account of the inventory costs incurred. The tradeoff between the extent of stocking and the
associated inventory cost is not assessed. Furthermore, this scheme's heavy reliance on human
intervention makes it vulnerable to mistakes and forecast errors. The determination of season is
purely subject to human judgment. There has not been a tool to help the factory reliably and
flexibly determine the seasonality. It should also be noted that the stock building plan is only on
aggregate demand level for SP product lines and it would be the job of production planner to
stock high runner variants based on these monthly target. A more efficient and accurate way of
setting inventory targets should be .explored.
2.1.2 Production Control
The plan developed by the production planner serves as the benchmark for production
department during rest of the week. It is found that this plan only triggers 4 out of the 5
departments in the factory, namely Stage 1, 2, 5, 6, and 7. Stage 3 and Stage 4, on the contrary,
have to trigger their own production based on the supervisors' judgment of the upstream
work-in-process (WIP) level, their own stock level, and the available capacity. Production
planner conducts a daily meeting with the production supervisors to follow up on production
targets and shipments. This production control process is shown in Figure 3 where the block
horizontal arrows represent the material flow direction, the dotted arrows represent the planning
signal sent from production planner to the individual departments, and the curved arrow depicts
the self-planning of Stage 3 and Stage 4.
The current production control mechanism results in problems such as unnecessarily high
intra-stage WIP levels. Moreover it does not provide Stage 3 and Stage 4 any plan to act upon,
which leaves the whole production of this station to subjective human judgments, and results in
unreasonable Stage 3 and Stage 4 inventory structure and unstable inter-stage customer service
level. The current control process involves a great deal of human factor that leads to arguments
and confusion during production.
Figure 3. Illustration of current production control mechanism
It is evident that current production control mechanism has issues that cannot support the
management goal of establishing a Lean production environment. So it was worthwhile to
investigate what goes wrong and causes problems for the planner and supervisors and eventually
leads them to have large inter-stage WIP.
2.1.3 Local Production Scheduling and Inventory Control
This production system has a mix of dedicated and shared resources as already explained in the
production process flow description in 1.3. Moreover the large SP variety with distinct process
requirements adds to the complexity.
The resource sharing observed in this system can be characterized in two forms; the first form is
that one single production line is shared by more than one downstream production line. For
instance; Stage 3 has a single production line yet supplies five downstream lines. The capacity
difference may require inventory at Stage 3 to offset the greater production rate at the
downstream stage. The second form is that multiple SPs share one single resource. These shared
resources are subjected to simultaneous demand of multiple SPs that needs to be processed on
downstream resources. In this case, frequent changeovers are encountered, which causes
problems for production panning and inventory management.
The supervisors tend to follow the production plan finalized in the morning meeting, and
schedule their production relying on their experience, which results in different schedules of
individual departments. If there is shortage of raw materials or WIP from upstream, they tend to
keep the lines running on any other available SP WIP to maximize the machine utilization, even
if the downstream lines do not require those SPs. This results in over production and unnecessary
inventories. Furthermore, uncertain WIP levels and unsynchronized schedules can cause
deviation from production schedules. As all the supervisors adopt this notion, it further causes
abnormal day-to-day fluctuation of the WIP levels and the production stage lead times.
There is also problem with production stage lead times. The current production stage lead times
are fixed as 1 day without any consideration of the interplay between demand variations and
capacity. This is not reasonable, and the discrepancy between planning assumptions and actual
production practice leads to huge wastes in operation.
The careful investigation of all this leads us to the conclusion that there is currently no effective
inventory control rule for the line supervisors to follow. The supervisors' subjective judgment
causes desynchronized production planning and high inventory levels throughout the production
line. Hence, a production planning and inventory control framework is needed to control the
inventory levels along the line. This framework will also help individual department to set sound
production targets within their capacity constraints.
2.2 Project Motivation
The studied production system is complicated, and it has different characteristics at different
parts of the line. To study the production system better, the internship group decided to split into
two teams with each focusing on different parts of the line. Xiaoyu Zhou and Zia Rizvi work on
the downstream departments from Stage 4 to Stage 7, the other team which the author of this
paper works in focuses on the upstream Stage 3. The reason why Stage 3 is chosen is explained
below.
It is observed that the Stage 3 is a potential bottleneck in the production line. Figure 4 is a
schematic illustration of the production line from Stage 2 to Stage 4. The boxes represent the
production lines owned by each stage and arrows represent the material flows. It could be seen
that the Stage 3 has only one production line, which is sandwiched between stages with multiple
parallel lines. If Stage 4 starts running several production lines at the same time, multiple
products will be consumed simultaneously. However, the single line at Stage 3is only able to
produce one type of product at a time. The inventory consumption rate may easily exceed the
replenishment rate, leading to the risk of inventory stock outs and line starvation. The opposite
happens when Stage 2 operates multiple machines at full speed. It may outpace the Stage 3 and
lead to accumulating inventory in front of Stage 3. Hence, it is particularly important to control
the material flow through Stage 3 to avoid disruption to the overall production.
Stage 2 Stage 4
Line 1 Line 1
Line 2 Line 2
I i]ne3Stage 3 Line 3I ne 4 Line
Line 5
Figure 4. Production line illustration (Stage 2 to Stage 4)
-+ Stage 7
2.3 Project Objectives
The main objective of this thesis is to develop an adequate production planning and inventory
control framework for the PDAP factory. The specific objectives are:
1. Evaluate the whole production system and propose a suitable inventory control policy.
The policy is to ensure smooth production and material flow through the whole
production line and to improve customer service level.
2. Propose an approach to set up daily production targets at each production stage that is
consistent with the chosen inventory control policy.
3. Design an appropriate visual management system at the factory for the solutions
proposed above.
4. Implement 1, 2, and 3 to evaluate the performance of the system and make
recommendations to the factory.
These objectives are desirable to almost all the production stages. Hence, they are the common
goals of both teams. This thesis will only focus on the work the author was involved in at Stage 3,
starting with the author's proposal to use the Analysis of Variance (ANOVA) test to characterize
the demand seasonality for production planning during the year. The author also compiled
Stage 1 H
detailed demand data and calculated the critical base stock model parameters for a single-stage
simulation of the model's performance at Stage 3. The author's partner, Youqun Dong, focused
his study on designing a long-term capacity planning mechanism for the company. Youqun was
also responsible for constructing the program for the model simulation at stage 3.. Using the
simulation program constructed, the author and Youqun studied the model's performance
together, with a focus on its impact on the inventory structure, production smoothing, and its
sensitivity to production batch size. More details of Youqun's work are available in his thesis
[1].
Xiaoyu Zhou and Zia Rizvi designed an inventory and production control system for
downstream stages (Stage 4 to Stage 7). They collaborated in designing a line coupling
mechanism. Xiaoyu also worked on designing a mechanism to level short-term production
volumes. In addition, he projected the financial success of the proposed inventory management
system. Besides his collaborative work with Xiaoyu on line coupling, Zia Rizvi focused his work
on a multi-stage simulation of the proposed system. The expected system performance over all
the selected production stages was analyzed by him. At the same time, he also provided a tool to
automatically detect production targets that were set beyond the actual capacity. If the reader is
interested in the work at Stage 4 to Stage 7, he could refer to the other team's theses (by Xiaoyu
Zhou [2] and Zia Rizvi [3]) for more information.
In the end, all four project group members contributed to the design of a Kanban visual
management system for the factory.
CHAPTER THREE Literature Review
3.1 Manufacturing Systems
3.1.1 Push Production System
A push production system builds up its inventory according to long-term forecasts [4]. This
system is simple to set up and manage. It works well when the demand is steady and predictable,
during ramp-up phase, or for predictable seasonal demand [5]. However, due to the innate
forecast errors, such a system is prone to product shortages and overproduction when the demand
fluctuates and deviates from the forecast. To buffer against such risks, large inventories are
typically kept, especially towards the downstream of the production line. The large inventory
buffer renders the system highly inflexible in face of uncertainty.
3.1.2 Pull Production System
In essence, a pull production system only produces what the demand asks for, without relying on
forecasts to guide its operation. Ideally, production is identical to demand, eliminating the risk of
over production. In a pull system, the material flow and information flow travel in opposite
directions.
There are generally three typical ways of realizing pull production in a factory, namely:
(1) Supermarket pull system
(2) Sequential pull system
(3) Mixed supermarket and sequential pull system [6]
In the supermarket pull system, a safety stock is kept for each product, from which the
downstream processes could directly pull. The process upstream of supermarket is only
responsible for replenishing whatever is withdrawn from the supermarket. This arrangement
enables short production lead-time when demand arrives. The inventories in the supermarket
could also be used to help level production.
A sequential pull system converts customer orders into a "sequence list" which directs all
processes to complete the orders. The production schedule is placed at first stage of the
production line. Then each process works sequentially on the items delivered to it by the
previous process. As a result, there is no need for large system inventories. Yet, this may lead to
longer production lead-time and requires high system stability to perform well.A mixed system
of the above two could be applied to reap their distinct advantages.
In a mixed system, the supermarket pull system and sequential pull system could operate in
parallel on different products. Such a scheme may allow the manufacturer to enjoy benefits from
both systems.
3.1.3 Push-Pull System
In practice, pure pull system may not always be possible. In some occasions, a combined
push-pull system is constructed to exploit the benefits of both. Usually, push is adopted at the
back end of the system to cut production lead-time, while the front end is operated by a pull
strategy to limit inventory levels.
3.1.4 Customer Service Level
Customer service level is a crucial measure of production system performance. It measures the
system's ability to satisfy the demand delivered to the system in a timely manner. Although its
actual definition may vary, two definitions are commonly used [7]:
Type I: Probability of covering all demand within a replenishment period from inventory
Type II (fill rate): Percentage of demand met from inventory.
In this project, the type I customer service level is of primary interest to the author and his
teammate. More specifically, the performance of the proposed inventory model is measured in
terms of stockout rate, which equals (1-Type I customer service level).
3.2 Inventory Control Policies
To implement Lean concepts in this factory, one of the most important topics is the
implementation of an efficient inventory control policy.
There are lots of literatures talking about inventory control policies. MIT lecture material of
course 15.762 [7] introduces two basic inventory control policies for stochastic demand in
general, one is continuous review policy (Q-R policy) and the other is periodic review policy
(base stock policy).
3.2.1 Continuous Review Policy (Q-R Policy)
The Q-R policy continuously reviews the inventory level and releases new materials when it falls
too low. The main parameters for this policy are the reorder point and reorder quantity. Once the
inventory level hits the reorder point R, a fixed reorder quantity Q will be released to the factory
floor. This policy is suitable for dedicated high volume production line. Basic equations and
parameters for this policy are shown below.
1) Reorder Point R:
R = pL+z'L/2 =expected lead - time demand + safety stock (1)
2) Average inventory level throughout the time window E[I],
E[ (E[I-  E[I+]) -+ z aL1/2 = cycle stock +safety stock
2 2 (2)
Q: re-order quantity
[t: demand rate
z: safety factor
6: standard deviation of demand
L: lead time for replenishment
3.2.2 Periodic Review Policy (Base Stock Policy)
Base stock policy reviews the inventory level according to a fixed review period and tops up the
inventory to a predetermined base stock level. The main parameters are the base stock level B
and the review period r. The inventory level is reviewed once after every review period. If it is
below the base stock level, production order will be released to the factory floor to replenish the
inventory back to the predetermined level. This policy is suitable for production line shared by
multiple products. Basic equations and parameters are shown below.
1) Base stock B,
B= (r +L) + za (r +L) 1/2 (3)
2) Average inventory level throughout the time window E[I],
E[]]r= r+L. )]= r -+ za(r + L)12 =cycle stock + safety stock
2 2 (4)
r: fixed review period
Other parameters are the same as in QR policy
3.2.3 Limitations of Previous Inventory Control Policies
The Q-R policy is suitable for dedicated resources, whereas the production system studied in this
thesis has production resources with heavy sharing by multiple resources downstream. This can
lead to competing replenishment signals in the system. Decisions have to be made about which
product to process first and how long the production should be carried out for before changing
over to another product. As a result, manual production prioritization is required and will be the
determining factor of policy performance. The requirement for such real-time decisions creates
difficulty in adopting the Q-R policy.
Base stock policy may be a better choice for this case where replenishment of individual model
inventories can be carried out according to a preset review schedule. Yet, there are also some
limitations.
Conventional base stock policy as in 3.2.2 assumes an infinite production capacity with a fixed
and deterministic replenishment lead time for each product. Based on this lead time, it derives
the required base stock level to cover the demand within a review period. This might be a good
approximation for products processed by a machine with little queuing, as the processing time is
fixed by machine specifications. Nevertheless, actual production capacity is usually limited,
forcing orders to queue up for a long time in front of the machine before processing. This is
especially true when the machine processes many types of products, like the Stage 3 in DPAP.
When demand levels of different products change, the waiting times fluctuate as well. This will
significantly affect the production lead time and the corresponding requirement for safety stock.
However, the base stock policy in 3.2.2 has not provided any specific ways of calculating the
projected lead times. The lead time values are completely subjective to user judgment. Hence, an
improved model which provides mathematical ways of calculating production lead time under
capacity constraints is needed to solve the problem.
3.3 Dr. Stephen Graves' Base Stock Model
Base stock model proposed by Dr. Stephen Graves in 1988 [8] dealt with the limitations sof
conventional base stocky policy for shared resource. This model takes the capacity constraint of
the production line into account, and works well in smoothing daily production of a multi-item
machine using a linear production rule and determines each model's individual inventory level
(Bi).
Some of the key calculations and parameters of the model are listed as follows:
a) Proposed lead time by considering machine flexibility to expedite production and demand
variations
n=(k 22 + z2 ) / 2, 2  (5)
k: parameter that is associated with customer service level
6 : standard deviation of weekly demand
x : excess capacity
b) Daily leveled production
t W, _ D (n-1)P,_
n n n (6)
t: time period index
P: daily production quantity
D: daily demand quantity
W: WIP at the production stage
c) Individual model (s) 'i' raw material released exactly equal to demand on day 't'
Rit = Dit (7)
R: material release quantity
d) Base-Stock for individual model(s)
B, = E[Wit]+E[In = nFi +k[noi(2n-1) 1/2  (8)
1 i: average demand for item is
3.4 Visual Management
Swain defined visual management as "a method of creating an information-rich environment by
the use of visually stimulating signals, symbols and objects" [9]. In actual implementation, visual
management could take the form of signs, lights, notice board, painted equipment and graphic
displays. Whatever the form is, it serves the ultimate purpose of drawing people's attention and
communicating important information during operation [9].
In Lean manufacturing, the goal of visual management is simply generating meaningful signals,
and facilitates people in factory to relay information about tasks and operation status quickly and
accurately, especially for those who do not hold any knowledge of the logic behind the overall
system. High-tech solutions are not necessary to bring about visual management. The rule is "the
simpler the better", simple tools such as photos, painted symbols, bold print and informative
colors are usually more robust.
As Lean manufacturing system is to be easily understood and continuously monitored, an
appropriate visual management system is critical to the successes of all Lean operations.
Currently the most developed and widely used visual management tool in factories is called the
Kanban system, which has all the features mentioned above.
CHAPTER FOUR Methodology
In this chapter, the overall project plan and methodologies adopted in the project are described in
detail. This chapter also lays the foundation for the following chapters.
4.1 Project Roadmap
The whole
shows the
Rectangles
stages, and
project was carried out in a stage-by-stage approach as shown in Figure 5, which
sequence of stages as planned and specific activities involved at those stages.
represent project stages, ovals show the detailed activities of corresponding project
the arrows indicate the sequence of activities.
Project Stages
Problem Identification
Detailed Data Collection & Analysi
ModellFramework Building
Implementation & Verification
Tasks
1. Preliminary Data Collection
2. Lines Investigations
3. Interviews
1. Material Flow Mapping &Classification
2. Capacity Data & Line Parameters
s3. Production Requirements
4. Characteristics &Seasonality Analysis
1. Inventory Control Policy selection
2. Feasibility Analysis
3. Detailed Calculations
1 Visual Management System Design
2. Material Transfer Practice
3. Integrated Shipment Planning
4. Inventory policy Simulation
Figure 5. Project roadmap
4.2 Problem Identification
The project started with the problem identification stage. Targets set by the management were
briefed first. Then preliminary data of the production line were collected to identify potential
obstacles to achieving the goals. Interviews were conducted and production lines were
investigated systematically, based on which potential problems of this system were identified as
in 2.1. With the collected information, the project team decided on the project focus and
objectives as in 2.3.
4.3 Detailed Data Collection and Analysis
In this section, methods for collecting and analyzing more detailed relevant data are described,
which lays the basis for 4.4.
4.3.1 Data Collection
Data relevant to the project are chosen and differentiate into two categories, structural data and
quantitative data. Structural data include material flow mapping, product categories, factory
layout, and the value stream map of the factory. Quantitative data include line performance
parameters, historical demand data, and forecast demand data. Different means were employed
to gather these data.
1) Demand data
In order to understand the general demand characteristics throughout the year for planning
purposes, the stock building plan for 2009 was obtained from the factory planner for analysis.
This plan was made around the end of 2008. It provided the required weekly production level for
all 12 months of 2009. Hence it could act as the guide for setting production and stocking targets
for the factory for each period. The production volumes in the plan are therefore treated as the
end demand for the whole production line.
In addition, to verify the model performance in response to actual demand levels in simulation,
the daily demand data for one product, BA-PL, were obtained for Jan to Jun 2009 from the
production planner.
2) Process Parameters
Various important process parameters for each manufacturing production stage were obtained
from the data collected by the Manufacturing Department. These data included production cycle
time, production rate, line capacity, and production batch size at different stages.
In addition, the setup/changeover time and maintenance schedule were also collected from the
supervisors of each production stage.
3) Line Performance Measures
The current performance of the production line was assessed using data collected for several
critical production line performance measures, such as the inventory levels at each production
stage (work-in-process and finished parts), production rate, production lead time, and customer
service level (internal and external). The inventory levels at each production stage were tracked
by the SAP factory management system. Data were extracted from the system and compiled for
specific production stages. The production rate, production lead time, and customer service level
were either given by the line supervisors or obtained from previous factory data.
In addition, the inventory holding cost and unit cost of the components were obtained from the
operation manager of the factory. They were used to estimate the holding cost of the inventories.
4.3.2 Data Analysis
Demand-driven production is one important feature of Lean production in the attempt to
eliminate waste and increase profit. The success of creating a demand-driven production system
depends on the sound understanding of demand and the use of appropriate method to manage the
demand. Thus, the following methods were proposed to study and manage the incoming demand.
1) Demand Seasonality Analysis
According to the projected demand pattern in the year, the factory plans different operating
strategies for different seasons, e.g. shift structure, inventory targets etc. Therefore, being able to
reliably determine the seasonality of demand is important to smooth operation. Normally this is
done based on the factory planner's past experience. There has not been a statistical method to
help the factory reliably and flexibly determine the seasonality. The author's team proposed the
ANOVA test as a simple and reliable method to determine the demand seasonality based on
forecast. Its effectiveness is tested using demand forecast of 2009.
As mentioned in 1.2, there are two product categories in this factory, Class A products and Class
B products. As Stage 3 only processes Class B products, the demand seasonality analysis is only
performed on the demand forecast data of Class B products. Class B products are mostly sold in
America and Europe. Holidays in these regions, such as Christmas and New Year, greatly
contribute to the seasonality of demand for Class B products.
To determine the expected demand seasonality of Class B products in 2009, their total forecasted
demands in year 2009 were calculated and plotted for every month from Jan to Dec. As PDAP
operates according to its own planning calendar, which divides the year into months of either
four or five weeks, the average weekly demand within each month was used to remove the bias
in the length of a month.
Based on the plot, different schemes of defining the seasons were proposed and compared using
the analysis of variance (ANOVA). According to the pattern observed on the plot, a trial
seasonality pattern was first chosen as the base pattern for further analysis. To fine-tune the
intervals of the seasons, alternative ways of dividing the seasons were developed from the base
pattern. Then ANOVA analysis was applied to all the alternative schemes to test the significance
of the difference between the demand levels of the seasons. In the end, based on the P values
from ANOVA, the scheme yielding the most significant inter-seasonal demand difference was
chosen as the seasonality pattern of 2009.
2) Production Leveling
For the studied production system, the annual total installed capacity of the whole system is
bigger than the annual total demand. But because of the volatility of the daily demand,
sometimes the demand for one particular time period may exceed the installed capacity, which
will interrupt the production planning and lower the customer service level.
After studying the current production leveling algorithm, a lead strategy of capacity planning
was proposed and applied to improve the current method. An algorithm was developed using
Solver optimization tool in Excel based on the lead strategy, which could level the demand
within the system capacity constraint and guarantee 100% demand fulfillment. Xiaoyu Zhou
describes this algorithm in detail in his thesis [2].
3) Demand Pooling
Risk pooling suggests that demand variability is reduced if one aggregates demand across
different end products (or locations). This is because the aggregation of demand makes it more
likely that high demand for one product (or from one customer) will be offset by low demand for
another (or from another customer). This reduction in variability allows a decrease in safety
stock and therefore reduces average inventory.
It was proposed to design Stage 3 supermarket on SP basis instead of on SKU basis by
aggregating the demand for the SKUs sharing the same component at Stage 3. Since Stage 3 is
not the end process, some of the SKUs share the same component (SP) at Stage 3, and they only
differentiate from each other during the downstream processes after Stage 3. For example, SKUs
A, B, and C are different at Stage 4, but they use exactly the same SP at Stage 3, which is named
as SP 1. Thus the demand for these three SKUs could be aggregated into the demand for SP 1.
Then Stage 3 could keep inventory for SP 1 based on this aggregated demand instead of keeping
inventory separately for SKU A, B and C.
By doing so, the risk pooling concept was introduced into the system, and the 51 SKUs were
aggregated into 25 SPs at Stage 3, which made inventory management simpler and easier. As in
the example above, SKU A, B and C are now sharing the same inventory, SP 1. It becomes more
likely that a spike in the demand for one SKU, like A, could be buffered by low demand for
another, such as B or C. The excess inventory kept for A could then be used to cover demand for
B and C. This inventory flexibility would result in a decrease in safety stock for these three
SKUs and therefore reduces total average inventory for SP 1.
4.4 Model Framework Building
4.4.1 Model Introduction
The inventory model adopted here is the safety stock model described in section 3.3. This model
specifies new control rules and calculation of inventory levels for each product manufactured on
the shared multi-product line.
Although this model is able to model multiple products with complex product structures, now a
simple setting of one production stage that processes multiple items is chosen to explain how this
policy works.
Notations of important parameters of this model are listed below.
* D: Demand
* R: Raw material release quantity
* P: Production quantity
* B: Base stock level, the sum of W and I.
* C: Line capacity
* W: Intrastage inventory (inventory for raw material for the stage)
* I: Interstage inventory (finished goods inventory for the stage)
* t: Time period index
* i: Product type
. n: Planned lead time
* x: Excess capacity available for certain production stage, which is the difference between
total demand and total capacity
* i: average demand rate
* 6: Demand standard deviation
* k: Safety factor
It and Wt are interstage and intrastage inventory during time period t. They can also be translated
as finished goods inventory and raw material inventory at a certain production stage. Pt and Rt
are production and release quantities during period t. The random variables It, Wt, Pt, Rt are
aggregated entities while Iit, Wit, Pit, Rit are entities for individual product type during period t.
For example: It=Iit, where lit is the interstage inventory for product I at the start of time period t.
Some important relationships and equations are list below:
1) The balance equations for aggregated entities are:
W = Wt-1 + R - Pt-1 (9)
It = It-I + Pt- - Dt (10)
The release rule is:
R, = Pt (11)
2) Eq. 4-1 to 4-3 can be easily extended to individual product types:
Wit = Wit -+ R,, - Pjt-i (12)
lit = it-I + Pt-1 - D,t (13)
The release rule then becomes:
Rt = Dit (14)
3) X and n are calculated by:
Z = - (15)
n= (k 2U 2 +z)/2x2 (16)
Assumption: Z k6
Otherwise n=1.
4) The production decisions for individual model i are given by:
Rit = Dt
Wit
n (17)
5) The expected inventory values for individual model i are given by:
B, = E[Wit] +E[Iit] = nA, + k[noi/(2n - 1)1/2] (18)
6) For later calculation, the E[Wit] and E[Iit] would be obtained for every important SKU at
each production stage with consideration of reasonable demand grouping. The daily
production would be executed according to equation (17).
4.4.2 Model Verification at Stage 3
A local verification of the model's performance was done by simulation on one selected SP
(SP21) at Stage 3. This SP was shared by two SKUs, BA-SS and BA-HV. The model was first
applied to the aggregated demand data of SP21 during the first season of 2009, and the results
were compared with the actual inventory data during the same period. The SP demand mean and
standard deviation were calculated from the actual daily demand data of SKUs. They were then
used to generate the inventory parameters for simulation. A simulation of the responses of
inventory and production volume to the actual demand was carried out in Excel. The details of
the simulation are described by Youqun Dong in his thesis [1] Interest readers could refer to his
thesis for more information.
The simulation was first done on a batch size of 840pcs to determine the changes in inventory
position and customer service level after applying the model. This batch size of 840pcs was the
same as the current batch size used at Stage 3. Meanwhile, the production smoothing effect of
this model was illustrated by comparing the time series plot of the production curve with the time
series plot of daily shipment curve in a hypothetical scenario. According to equation (17), it is
expected that the production volumes will be smoothed whenever the planned lead time n goes
beyond 1.
The original model assumes a single-piece-flow production scenario for the greatest accuracy,
which is not achievable in this factory. Batch size production is practiced instead. Therefore, the
impact of batch production on the model was also studied by examining simulation results
generated using different batch sizes at Stage 3. Recommendations on selecting the appropriate
batch size were made based on the observations.
4.4.3 Multi-stage Model Simulation
A new simulation was performed on BA-SS and BA-HV from Stage 3 to 7, in an attempt to
examine the impact of the new inventory system on the overall inventory structure and customer
service level in a multi-stage system. The eventual goal of the project is to optimize the
inventory system over the entire production line. Therefore, a simulation on a global level could
provide better understanding of the system's performance across multiple production stages.
The simulation was done using Excel spreadsheet and the Crystal Ball software. The inventory
parameters were calculated using the expected mean and standard deviation during the high
season of 2009. The demand data were generated using a normal distribution with the expected
mean and standard deviation. For simplification purposes, the batch size was set to lpc at all
stages for both SKUs. Details of the simulation are described by Zia Rizvi in his thesis [3].
Interested readers could refer to his thesis for more information.
The average inventory levels of the products and the average stockour rate at each stage were
collected for analysis. The proportion of W and I inventories kept at each stage was examined.
The impact of multi-stage operation on the customer service level was also assessed.
4.4.4 KANBAN Design
To facilitate the production control on the production line, a Kanban visual management system
needs to be set up on the production line. The Kanban visual management system is one of the
most popular visual management tool adopted by factories during Lean transformation.
There were several major aspects in designing the Kanban system in PDAP factory. The first
issue was the design of the Kanban cards. Since this factory had previous experience on Kanban
system, their existing design was adopted, including information such as card ID number, name
of the product, model transit number, represented quantity of one card.
The second problem was to determine the material quantity represented by each card at its
specified production stage. Ideally, the model required the same batch size in material transfer.
Nevertheless, the factory had been using various containers of different sizes for material transfer.
Because of the practical limitations, it was impossible to standardize the batch size into one.
Therefore the quantity of each Kanban card was set to be the same as the material transfer batch
size currently used in the factory. The operating method of the material handling process was
modified so as to accommodate the difference in container sizes while adhering as closely as
possible to the model requirement.
Thirdly, the number of cards needed by each product at each stage was determined by the
calculated inventory levels from session 4.4.1. These levels were divided by the appropriate
material transfer batch size to give the number of cards needed for each product. This number is
taken into consideration in designing the Kanban board.
Lastly, the Kanban board has to be designed according to the operation requirement of the
proposed inventory system. It was designed to reflect the important parameters of the system and
provide clear information for the factory workers. Material movement and inventory status
would be tracked by the movement of Kanban cards on the board. Daily production could be
managed using information on the board as well. Moreover, the Kanban board was designed in
an intuitive way to simplify its operating procedures and reduce the chances of error. The final
design and flow of operation are illustrated in 5.3.3.
4.5 Preparation for Implementation
In this section, the work performed in preparation for the actual implementation of the proposed
inventory system is described in sequence.
4.5.1 Trial Products Selection and Calculation
Before a full-scale implementation of the system is launched, a pilot run on selected products
needs to be first carried out to remove potential problems in the system. The Class B SP, SP21,
was chosen as a sample for the trial. This SP supplies two SKUs and has high and relatively
consistent demand so that the there is frequent material movement for the product.
Once the product is chosen, the respective inventory parameters were calculated for it using
forecasted demand data. Mean demand for the product was calculated from 2009 demand
forecast. Yet, the forecasts were given on a group level (several SKUs in a group). Therefore, the
weight of each SKU's demand in the group was first estimated using demand data from 2008.
Assuming the demand distribution would remain roughly the same this year, the average group
demand was multiplied by the percentage of the SKU within the group to derive the individual
estimate of average demand for each SKU. For better accuracy, the demand weight could be
derived from more recent demand date, e.g. from the last three months. Later the demands for
SKUs sharing the same product at Stage 3 were summed up for the aggregated demand.
The individual standard deviation was also estimated using the group demand forecast. This time,
the demand percentage could not be used anymore. Therefore another approach was adopted in
order to derive a conservative estimate of the standard deviation. Firstly, the weekly group
Coefficient of Variance (CV) was calculated from the stock building plan, together with the
weekly mean and standard deviation of the group. Secondly, the individual mean demand was
calculated based on the weight of the SKU's demand within the group. Thirdly, assuming that
the individual SKUs within the group share the same CV, this common SKU CV could be
calculated from the following formula:
group I: 
2
, (19)
(20)
Then the calculated SKU level CV was multiplied by the mean demand of each SKU to obtain
the weekly and then daily standard deviation for each SKU. The overall standard deviation used
to calculate Chi was calculated by summing up the squares of the standard deviation of each
product group in the stock building plan, and then taking the square root of the sum. This gave a
reasonable approximation of the total standard deviation by considering the demand pooling
effects.
With the required mean and standard deviation values ready, the inventory parameters were
subsequently calculated for the product.
4.5.2 Preparation for Implementation
Before the pilot run of the system, the Kanban board and Kanban cards were made according to
the design. As for the pilot run, the setup is prepared only for the selected SP. Then the line
supervisors were introduced to the designed system and briefed about how to operate the Kanban
system. They were given time to practice with the system.
A preparation period is given to the production lines to build up their inventories to the base
stock levels calculated in 4.4. The start-up conditions for W and I inventories were set at the
expected inventory levels calculated in the safety stock model.
4.6 Recommendations
With the proven efficacy of the model, recommendations were made towards the eventual
full-scale implementation of the system on the factory floor. A multi-phase action plan was
suggested for this purpose. Possible ways to monitor the performance of the system in actual
operation were proposed as well. Further recommendations on improving the operation
efficiency of the factory were made as well.
CHAPTER FIVE Results and Discussion
In this chapter, results from statistical analysis, computer simulation, and model implementation
are presented to demonstrate the impact of the proposed inventory management policy.
5.1 Seasonality Analysis
As mentioned in section 4.3, the 2009 demand forecast for Class B products manufactured by
PDAP is collected for statistical analysis. The average weekly demand for each month is
calculated and plotted in Figure 6.
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Figure 6. Average weekly demand forecast for Class B products (2009)
For 2009, a clear pattern of elevated demand for Class B products could be seen from May to
September. Thus, a base seasonality scheme may be proposed with three distinct periods: Jan to
Apr, May to Sep, and Oct to Dec. Based on this, several alternative three-season schemes are
generated by reassigning different months to the seasons. They are then evaluated against the
base scheme using ANOVA test. The resulting P values from the ANOVA test are tabulated
below in Table 1. The P values indicate the significance of a shift in the average demand between
different seasons.
Table 1. ANOVA test result for demand seasonality
Months P-values
1-4, 5-9, 10-12 8.460E-04
1-5, 6-9, 10-12 3.059E-03
3 seasons 1-3, 4-9, 10-12 2.887E-03
1-4, 5-10, 11-12 6.566E-03
1-4, 5-8, 9-12 3.620E-03
2 seasons 1-4 & 10-12, 5-9 4.513E-04
The first three-season scheme, which is also the base scheme, produces the lowest P values
amongst all the three-season variations. Such a low P value suggests that there is a significant
shift in average seasonal demand. Since its P value is lower than those of other alternatives, this
scheme is more accurate in dividing the seasons. Hence, this scheme could be the most accurate
representation of the actual demand seasonality during 2009.
To further improve the result, a two-season scheme is also tested by combining the first and third
season of the selected three-season scheme as the low season. This two-season arrangement
improves the p values of the ANOVA test, as shown in Table 1, by about 50%. Besides giving
better ANOVA test values, a two season approach also reduces the complexity of planning. This
arrangement is also in line with the current practice of dividing the production time line into
alternating high and low seasons. Hence, for year 2009, the demand seasons are characterized as:
(1) low season: Jan-Apr, Oct-Dec; (2) high season: May-Sep.
The ANOVA test above has provided a way for the factory management to reliably determine the
projected demand seasonality through the year. It is quick and easy to use, offering greater
accuracy than mere human judgment. If even greater planning accuracy is desired, the weekly
rather than monthly demand forecasts could be used in the calculation. This could improve the
planning resolution from months to the level of weeks.
It also contributes added flexibility to the planning process. In case the future demand patterns
change, the ANOVA test could be carried out every year to determine the new demand
seasonality. Then based on the seasonality, appropriate inventory positions could be determined
for each season using the proposed inventory model. Moreover, if the factory has sufficient
flexibility in ramping up its production, these inventory targets could even be revised every a few
months during operation. A shorter planning horizon would allow the factory to exploit more
accurate demand information in planning its operation. All these benefits will greatly facilitate
the factory planner's work and improve planning efficiency.
5.2 Demand Pooling at Stage 3
After studying the sharing of SPs between individual SKUs, 25 different types of SPs are
categorized at Stage 3. The demands for these SPs are calculated as the sum of the average
demand for the SKUs sharing the SPs. This reduces the complexity of the inventory mix
managed by the Stage 3.
Yet, after a review of the expected future demand for different products, it is decided that only
products with relatively high average demands or exceedingly long production lead times will be
kept in stock. As a result, only 13 out of the 25 SPs are kept in stock. They will be constantly
replenished as they are consumed. The other SPs are not kept in the inventory and only produced
when an actual order for the product arrives.
5.3 Safety Stock Model
Prof. Graves' safety stock model is applied to solve the inventory control and production
management problem. Due to practical limitations, some compromises on the model are needed
during application. The policy is first tested on one single SP at stage 3 using past demand and
inventory data. After that, the model is calculated for actual implementation on the production
line.
5.3.1 Single-stage Model Verification
To evaluate the performance of the model in controlling inventory level, the actual inventory
level of one SP (SP21) at the Stage 3 is compared with the prediction by the safety stock model,
over the period from Jan to Apr 2009. The following results are based on Youqun Dong's
simulation work [1]. Different performance measures are presented below. The sensitivity of
model performance to several important parameters is also discussed.
1) Customer service level and inventory control
In actual production, the products are moved in batches of 840pcs into and out of the Stage 3.
Therefore, the initial simulation is done using the same batch size. The expected inventory level,
inventory cost, and stockout rate are tabulated in Table 2, alongside with the actual average
inventory level and stockout rate. The total safety stock levels are measured in both units and
dollar values. The percent changes of the simulated safety stock levels from the actual data are
calculated.
A review of the simulation results confirms the capability of the safety stock model to deliver
satisfactory customer service level while cutting inventory cost. It also offers a new way of
managing inventory on a systemic level.
Table 2. Safety stock model simulation results (Jan-Apr, 2009)
Actual QTY Simulation
(840pcs) (840pcs)
W 465 4610
I 10748 3820
B 11213 8430
B($) 37643.73 26980.00
Change in B -5.20%
Change in B($) -9.65%
Stock out rate 6.56% 1.19%
There is concrete evidence in the simulation results that the proposed inventory management
policy could help improve the customer service level of Stage 3. The simulation predicts a
stockout rate of only 1.19%, which is much lower than the 6.56% rate observed during actual
operation. Meanwhile, it could be noted that this 1.19% is even lower than the designed stockout
rate, 5% in the model assumption. This may be due to the deviation of actual demand from the
model assumption of a normally distributed demand. The 95% customer service level guaranteed
by k=1.65 is accurate when the product orders are generated from a normal distribution. Yet,
actual demand orders may belong to a slightly different distribution. This deviation would
slightly distort the customer service level prediction. In the case of Stage 3, it is encouraging to
see that the deviation of demand from our assumption turns out to yield even better performance.
Besides a high customer service level, the results from the safety stock model simulation see an
appreciable reduction of total safety stock kept at the Stage 3, when compared to the actual
inventory level. It is interesting to note that although the reduction is a moderate 5.2% in
physical units, it amounts to 9.65% in dollar values. This additional cost saving effect is a result
of inventory mix restructuring, where parts of the processed goods inventory are moved
upstream into the raw material inventory of the Stage 3. The change in inventory mix structure
induced by the proposed policy is illustrated in Figure 7.
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The application of the new inventory policy has led to a more financially favorable inventory
structure at Stage 3. Without the proposed policy, almost all of the inventories (about 95%) are
kept in the form of processed goods in the I inventory at ST. Such processed inventories are more
expensive than their unprocessed counterparts as more values are added to the products. Hence,
stocking large piles of products in this form inevitably pushes up the total inventory cost at the
Stage 3. In contrast, in the simulation, when the safety stock model takes over the control of
inventory, the majority of the inventories (more than 60%) are kept as unprocessed products in
the W inventory. As a result, by moving the inventory upstream, this allows the Stage 3 to
significantly lower its inventory cost.
This optimization of inventory mix structure is also what the factory management hopes to see
from the inventory policy. The management has been expressing their concerns about having too
much stock near the downstream of the production line, which has limited their production
flexibility and increased inventory costs. The simulation results confirm that this new policy is
capable of allocating inventories in a financially favorable manner while maintaining a high
customer service level.
Another advantage of the new system is that it offers a new systemic way of controlling the
overall inventory level. Figure 8 records the variations in the inventory levels observed during
the simulation. When the value is positive, it measures the amount of physical stocks available.
When the value becomes negative, there is a stockout event and the value represents the amount
of backorders (materials required by the downstream but unavailable yet).
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Figure 8. Inventory levels during operation
It is easy to notice that although the W and I inventory levels are constantly fluctuating
throughout the process, the total inventory level, B, is at a constant equilibrium level most of the
time. The B value spikes only when a stockout event happens. In that case, all the materials will
be in the W inventory. There will be a queue of backorders building up in front of the machine
waiting to be processed. Once the backorders are cleared and I inventory level restored, the B
value will quickly return to its original level. Then the system is in equilibrium again. Deviation
of the real-time B value from its equilibrium value indicates an abnormal event in the system and
draws management attention.
The observations above provide strong testimony to the model's ability to control the overall
inventory level B. Instead of trying to keep track of fast-changing W and I inventories, a
dynamic equilibrium of the overall inventory could be established and monitored within each
production stage. Comparing the real-time total inventory level with the equilibrium level
provides a clear indication of the system status. This gives the management a big picture of the
overall inventory status and thus simplifies their work.
Hence, by adopting a systemic way of looking at inventory, the new inventory policy has proven
effective in cutting inventory cost while ensuring a high customer service level.
2) Production smoothing
Production smoothing is another important feature of the proposed safety stock model. The
production values used in simulation represent the minimum production requirement for the
machine to maintain a stable Stage 3 inventory level. Reducing the fluctuation of production
target will help even workload and improve operation efficiency.
The key to this smoothing power of the proposed system is n, the planned lead time, calculated
for each specific season. The greater the n value, the more significant the smoothing effect. The
simulated n value is calculated to be 1.06, as there is sufficient capacity to handle the demand
during the low demand season. As a result, there is little need for production smoothing in the
simulation. The production line could simply produce exactly according to its daily demand.
The model's ability to smooth production may become more prominent during high demand
season. When the total demand level starts to approach the line capacity, the designed lead time n
is expected to be much greater, possibly reaching a value of 3. Then a larger n value will
significantly enhance the smoothing effect of the model. This effect is illustrated in a
hypothetical situation in Figure 9 by comparing the production target when n=3 with the actual
demand. This time, the production target is stabilized and evened out compared to the highly
volatile daily demand. Most of the time, the production target is confined between 2000 to
6000pcs a day. Such stable production levels allow machines to be run at relatively stable rates
over long periods. It becomes easier to manage material supplies and production costs with a
stable production rate. Moreover, the machine setup time and changeover time are expected to
drop as well. These impacts may add up to improve the production efficiency significantly.
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Figure 9. Daily demand and production data at Stage 3 (n=3)
Thus, the above observation has attested to the capability of the proposed model to smooth out
production targets when the system capacity is limited. The machine utilization is therefore
optimized and operation efficiency maximized. The n value used for production smoothing is
nothing arbitrary but determined by considering both the demand level, production capacity, and
a favorable inventory position.
3) Batch size sensitivity
The original model assumes a single piece-flow production process. However, the actual material
movement in the factory is done in batches. Therefore there is a need to evaluate the potential
impact of batch size on the system performance. The analysis is only concerned with the effect of
batch size within Stage 3. Therefore, the downstream demand batch size is kept constant at
600pcs while the Stage 3 batch sized is varied. Several batch sizes (840pcs, 700pcs, 600pcs,
500pcs, 300pcs, 200pcs, 56pcs, and single piece) are tested in the simulation and their respective
performance measures are tabulated in Table 3.
Generally speaking, the overall system performance in contolling inventory cost and optimizing
inventory structure is consistent at all batch sizes. All batch sizes have been shown to yield lower
inventory cost with more than 50% of physical inventory kept in W inventory.
Yet, some trends could be seen by plotting those measures against batch size in Figure 10 and
Figure 11. Such information may provide us with more insights into the model.
Table 3. Impact of batch size on simulation results
Batch size (pcs)
840 700 600 500 300 200 56 1
W 4610 4608 4607 4625 4729 4767 4846 4871
I 3820 3817 3821 3905 3407 3081 2988 2910
B 8430 8425 8429 8530 8136 7848 7834 7781
B($) 26980.00 26964.79 26974.63 27312.35 25951.02 24968.97 24898.32 24711.71
AB -5.20% -5.26% -5.21% -4.08% -8.51% -11.75% -11.91% -12.50%
AB($) -9.65% -9.70% -9.67% -8.54% -13.10% -16.38% -16.62% -17.25%
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Figure 10. Impact of batch size on base stock cost
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Figure 11. Impact of batch size on inventory cost reduction
A general trend of increasing base stock cost with increasing batch size is visible in Figure 10,
despite a minor deviation at the batch size of 600pcs. This may be explained by the fact that the
all materials are moved and processed in full batches at the Stage 3. Everyday when calculating
the production target, the calculated P value is always rounded up to the nearest multiples of the
batch size. As a result, Stage 3 effectively pushes more materials than actually required from its
W inventory to its I inventory. As mentioned earlier, the processed materials are more expensive,
these extra finished products contribute to the increase in inventory cost. The greater the batch
size, the more extra materials are moved into I inventory and hence the higher the inventory cost.
The deviation at 600pcs could be attributed to the fact that the downstream station uses a batch
size of 600pcs. When the Stage 3 batch size passes this threshold, the amount of material transfer
between W and I inventories may change slightly. As the Stage 3 batch size is further increased,
the original upward trend is expected to appear again.
Figure 11 further exemplifies the substantial influence of batch size on the new policy's
performance in inventory cost reduction. When using a batch size of 840pcs as in current
practice, the reduction of physical stock and inventory cost are limited to 5.2% and 9.6%
respectively. In contrast, when the batch size is reduced to 200pcs, the reduction in total safety
stock is more than doubled. The savings in total inventory cost shoots up to 16.4%. Ideally, if
single-piece flow is achieved, the savings from total physical stock and total inventory cost could
even reach 12.5% and 17.3% respectively.
Hence, if possible, a smaller batch size is more financially favorable for the factory. Especially
when many products are involved, the small savings may add up to large sums of money.
Nevertheless, other constraints need to be weighed against the benefits of small batch sizes, e.g.
extra material movement, production line efficiency, container size, as well as manpower
requirement. The appropriate batch size for the factory has to be determined after all those
factors are taken into account.
4) Overall evaluation of model
This preliminary examination of the model suggests that the safety stock model proposed is
indeed effective in reducing the inventory level while meeting the type I customer service level
requirement. It has offered a new way to regulate the overall factory inventory with an eye on the
big picture. It is able to control the total inventory level consistently and optimize the inventory
structure to cut inventory cost. Moreover, the model has also demonstrated its ability to smooth
the production volume depending on the available production capacity. Some compromises may
be needed in implementing the model in a batch production environment. Although small batch
sizes are more cost-efficient, other issues have to be considered before the management makes a
final decision on the production batch size.
5.3.2 Multi-stage Model Simulation
As mentioned in 4.4.3, the safety stock model was simulated on a multi-stage production system.
The model proved effective in allocating inventories according to system capacity constraints to
minimize stockout rate and reduce inventory costs. Yet, the expected stockout rates at many
stages were elevated, likely due to the propagation of stockout events at within the system.
The expected inventory structure on the production line was plotted in Figure 12 below.
Figure 12. Simulated inventory structure for BA-HV and BA-SS
Consistent with the observation in single-stage simulation, the model keeps most of the inventory
in the less expensive W inventory at each stage. This will greatly improve the cost-efficiency of
inventories kept in the system.
It could be noted that a significant amount of inventory is kept at Stage 7, more than at any other
stages. This is because Stage 7 has the longest planned lead time amongst all, where n=5.63.
Therefore the inventory system allocates more stock at this bottleneck stage to reduce production
lead time. This enables the system to respond to changing demand more quickly and reduce
stockout rate. Similar phenomena could be seen at Stage 3 and Stage 5 as well, where the
planned lead times are relatively long.
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The expected stockout rate at each stage is tabulated below in Table 4.
Table 4. Expected stockout rate at each stage
Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
Expected Stockout Rate 8.33% 8.33% 12.50% 3.33% 12.50%
Although the stockout rates are generally higher than the designed 5% target, they are still within
reasonable limits. The higher stockout rates are likely caused by the propagation of stockout
event within the production line. Stockout events at upstream stages will stop the supply of
materials to downstream stages. Then the downstream stages may not have sufficient raw
materials to process to replenish their I inventories. This chain of event could reach further
downstream, leading to a series of stockout events in the production system. As a result, the
expected stockout rates rise above the designed level. However, the deviation is still limited.
Hence the performance of the system is still considered as satisfactory.
Overall, despite some deviations from the single-stage simulation, the performance of the safety
stock model in a multi-stage production system conforms to the designed targets. It is able to
allocate inventories according to system capacity and deliver satisfactory customer service levels.
The resulting inventory structure is highly cost-efficient.
The projected overall financial impact of the proposed model upon implementation is discussed
by Xiaoyu Zhou [2] is his thesis.
5.3.3 Kanban Design for Implementation
In order to apply the model to manage actual production in the PDAP factory, a Kanban visual
management system is required. This system is required to reflect the critical parameters of the
safety stock model that governs the inventory and production in the factory. Moreover, the
operation of Kanban system should be simple enough for workers to follow with high reliability.
After consulting the operations manager, one design is selected for implementation.
A schematic representation of the Kanban board and its operation is shown in Figure 13. The
Kanban cards in the large boxes (W, I) represent the actual stock available in the W and I
inventories. The R box represents the materials required to be pulled from upstream of Stage 3,
due to downstream consumption. P box indicates the minimum production to be met for the day.
The arrows represent the movement of Kanban cards. Currently, the Kanban card size is set to
840pcs due to container size limitation.
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Figure 13. Kanban design for Stage 3
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The operation of the Kanban could be explained in a four-step manner.
(1) Downstream stage pulls materials from the I inventory of Stage 3 for production. The
Kanban card in the I box is moved into the R box to indicate material consumption and
required material release for upstream.
(2) When material handler obtains raw materials from upstream inventory, the
corresponding R Kanban card is moved from R box into W box. This shows the workers
that the required raw materials are already in place. Whatever cards left in R indicate
raw materials not available yet.
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(3) Every morning, the Stage 3 supervisor calculates the production target for the day and
rounds it up to the nearest multiples of the Kanban card size. The quantity for W in
calculation is actually the sum of cards in the R, W, and P boxes if any. The
corresponding number of cards is moved into the P box, committing materials to
production.
(4) Once the Stage 3 finishes the production target, the Kanban card will be removed from
the P box and transferred to the I box. This completes the production cycle as new
products are transferred into the processed material inventory at Stage 3.
This Kanban board design is expected to perform well due to its simplicity in layout and
operating procedures. It will be place at the production line to help monitor the inventory
condition and guide day-to-day production.
CHAPTER SIX Recommendations and Future Work
6.1 Recommendations
The inventory control and production management system proposed above has shown great
capability in improving the operation efficiency of the company. In a multi-stage production
system, it is able to allocate the inventories across stages to ensure a sound customer service
level. It also reduces inventory cost by improving the inventory structure at each production
stage. Furthermore, it has displayed the potential to effectively smooth the production at the
Stage 3. Hence, it is recommended that PDAP adopt this system on its production line, together
with similar systems designed by Xiaoyu Zhou [2] and Zia Rizvi[3].
It is recommended that PDAP implement the proposed system on the production line via four
phases.
(1) The first phase should be a continuation of the model verification process, in the form of a
pilot run on the selected products through several stages. Kanban board needs to be set up for
the selected products. Staffs from the manufacturing department and supervisors of
production stages need to be oriented with the new system. With sufficient inventories on
hand, the system should be run by the supervisors on the selected products in parallel with
production.
Performance measures of the system should be recorded and analyzed for evaluation and
possible improvement. These measures could include the customer service level at the stage,
inventory level and cost, and production output. The data collected during the operation of
the new system should be compared with the data before the system is implemented.
Changes in customer service level and inventory position should be assessed. The efficacy of
the system in smoothing production during the high season could be evaluated as well. Other
information such as the reaction of the line supervisors to the new system should also be
gathered to help improve the system.
(2) Once the system passes the first phase, the second phase will entail introducing the model to
the workers on the factory floor. Proper training and exercises are required to familiarize all
the workers with the operation of the system.
(3) During the third phase, material preparations for a full-scale implementation need to be done.
The factory may need to first carry out a comprehensive inventory survey. This allows the
management to get a clear picture of their current inventory position as a reference for the
new inventory system. The right amount of starting stock needs to be in place at each stage
prior to system implementation. Kanban board and the associated cards need to be prepared
for the stations involved and set up properly.
(4) Then in the fourth and the final phase, the inventory management system should be up and
running on the factory line in a full-scale launch. Workers will be supervised initially to
ensure the system is operated as designed. Further fine-tuning of the system shall be carried
out as the operation goes on to tackle the problems encountered. When the problems are
resolved, this new system will be able to run continuously on the line.
It is recommended that the factory ensure sufficient inventory at Stage 2. The model proposed
has so far assumed that there is no stock shortage at the upstream of Stage 3. Hence, the success
of the model requires a well monitored Stage 2 inventory.
In future operation, it is recommended that the batch size along the production line be
standardized and reduced. The current difference in batch size incurs waste and extra work for
inventory management in tracking the extra material. Furthermore, it has been concluded that
smaller batch sizes will lead to greater reduction in inventory cost. Therefore, PDAP should
consider using a smaller and uniform batch size at its production stages whenever possible.
In the future, when the planner prepares the annual production plan for the following year, a
seasonality test should first be carried out on the demand forecast. Then the inventory model
should be used to calculated different inventory targets for each season separately. Greater
planning accuracy could be achieved by planning on the weekly level and continuously updating
demand information.
6.2 Future Work
Despite the preliminary study of the model using simulation, further verification and review of
the inventory system needs to be carried out in actual operation. Once the inventory system is set
up and running in the factory, its actual performance could be tracked and analyzed using
operation data. Operation data should be gathered under a rigorous data collection scheme. Then
important performance measures could be calculated and compared to data collected before the
implementation of the system. Problems in the system could then be examined and resolved.
Thereafter, continuous fine-tuning and improvement of system efficiency could be carried out
during operation.
The sensitivity of the model to forecast errors has not been fully investigated in this project. As
the model relies on forecasted demand mean and standard deviation to establish inventory targets,
forecast errors may have significant influence over the model's performance. It could be
insightful to examine the forecast errors expected during planning and the difference in the
resulting model performance. Methods may be explored to improve the robustness of the
inventory system to forecast errors.
There could be a more comprehensive simulation of operation on more products simultaneously.
So far, the system simulation has only been done on two SKUs. The complete impact of the new
system on the overall inventory structure is still unclear. Moreover, the cumulative effect of
rounding up the demands for each SKU may pose a challenge to the line capacity. Without a
systemic simulation of all products, it is quite difficult to determine its impact on operation.
Meanwhile, there are 12 so-called "special order" products at Stage 3 as well. No inventory is
kept for them and their demands have to be met completely by production when orders arrive. It
is noted that their demands usually come once a week but in large quantities. Although capacity
is reserved for such products, simulation is still needed to verify if the system capacity is
sufficient to meet their requirement. All the above investigations potentially require a multi-stage,
multi-product simulation on more advanced software.
At the moment the work has only focused on applying the inventory model to the Stage 3 and its
downstream. Yet, it is equally important to manage its upstream inventory at Stage 2. Currently,
many problems seen at the Stage 3 have been attributed to the poor inventory management at
Stage 2, especially the shortage of materials. The system's shown ability to contain the
propagation of such disruptions within the system makes it highly desirable to extend the
proposed inventory model to Stage 2. Eventually, the whole production line could be put under
the same inventory management system. This may significantly improve the operation efficiency
of the factory.
Other possible alternatives may be explored for managing inventory and production. The safety
stock proposed here does not rule out other possible alternatives which could achieve the same
objective in a more efficient manner. In its present form, this safety stock model requires
extensive calculation and estimation to set the inventory targets. This leads to significant manual
work and potentially makes the process prone to errors. If possible, the algorithm could be
simplified to reduce the amount of calculation required in planning. Whatever new solutions are
explored, they should still aim to satisfy the following requirements:
a) Ability to control the system inventory level
b) Ability to schedule production to meet simultaneous demand for multiple products
c) Ability to allow demand-driven production to prevent overproduction and stockout
CHAPTER SEVEN Conclusion
The MEng project at PDAP Electronics Singapore aims to design a system for controlling
inventory and directing daily production. After a thorough study of the factory' operation, the
MEng project group identified problems in production planning, inventory control, and
communication between different production stages.
In order to solve the problems identified above, the project group decided to propose a new base
stock model combined with a Kanban visual management system for the factory. The group split
into two teams to work on designing the system for different stages. Youqun Dong and Yuan
Zhong focused on the bottleneck of the production system, the Stage 3. Xiaoyu Zhou and Zia
Rizvi worked on Stage 4 to Stage 7, covering the end stages of various products. The systems
designed by the two teams are expected to be implemented together on the production system to
improve the overall operation efficiency. The Kanban system will link the different production
stages together into an integrated operations management system.
ANOVA analysis was proposed by Yuan Zhong as a method to facilitate demand characterization
during the planning process. It effectively identified the seasonality of demand in the year and
guided the setting of appropriate inventory targets for respective seasons.
The performance of the proposed base stock model was studied using computer simulation that
modeled the chain of production stages. It was found that the model was able to conserve the
overall inventory levels of the production stages in chain. Furthermore, the base stock model
delivered satisfactory customer service level and improved the overall inventory structure, via
demand-driven production. As a result, appreciable reduction of total inventory cost was
achieved. Youqun Dong and Yuan Zhong's simulation at Stage 3 also indicated that small batch
sizes could be more cost-efficient in actual operation. Xiaoyu Zhou and Zia Rizvi proposed to
incorporate the line-coupling concept into the system to further reduce the inventory at certain
production lines with close production rates.
Methods were also proposed to assist the production planning process. Youqun Dong developed
a capacity planning optimization framework to handle excess demand during peak demand
season. Xiaoyu Zhou proposed a production leveling method functioning as a demand filter,
which was shown to improve customer service level during simulation. Zia Rizvi developed an
interface tool for production planner that enables integration of shipment planning and proposed
inventory policy with capacity considerations.
Based on the above results, the group recommends that PDAP Electronics Singapore implement
the proposed system on its production system. Further study of the system could be carried out in
the future to understand the performance of the system in different scenarios. After further
fine-tuning, the system could be extended to the rest of stages in the factory. As PDAP
Electronics Singapore is not the only factory of its type, the proposed models and methods can
be applied to other factories with similar characteristics.
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